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tit/ ^A thorough review tna haatT"made of existing experimental data 

^^pplicable to the impact of high velocity projectiles v;ith semi- 

^•^nfinite metal targets, topirical equations relating depth of
1 f
,^enetration and crater volume to properties of the projectile and 

^target derived based upon the assumptions that:

)

projectile sh.tpe lioes not affect crater shape for pro

jectiles which range from spheres to cylinders up to one 

caliber in length , and

2) craters are hemispherical.

Both of these assumptions are supported by the available data. Ad

ditional data and/or a rigorous theoretical treatment of the problem 

are required to evaluate the utility of the equations at higher im

pact velocities.
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SYMBOLS 

pc     depth of penetrations, measured from the plane of the un- 

damaged target surface to the deepest point in the crater. 

DQ    - crater diameter, measured in the plane of the undamaged 

target surface,. 

Dp „. , ■ crater diameter, used only in describing craters formed under 

oblique impactt measured in the plane of the undamaged target 

surface and in-line with the projectile trajectory., 

DP    - crater diameter, used only in describing craters formed under 
« M1N, 

oblique impact measured in the plane of the undamaged target 

surface and normal to the projectile trajectory. 

Vc    - crater volume, measured to the plane of the undamaged target 

surface, 

Vp      projectile volume, 

Pp      projectile, mass density 

f^p      target mass density 

v     - impact velocity, mcaüured normal to the target surface for 

impact at either normal or oblique incidence, 

c      - velocity of preparation of a plane longitudinal wave in a 

slender rod, 

D     - diameter of a cylindrical projectile 

L     - length or height of cylindrical projectile 

. diameter of a spherical projectile or diameter of a sphcrÄ 

naving the same mass as a cylindrical projectile 

- incidence angle in oblique impact, measured from the normal 

to the target surface to the projectlla trajectory. 
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INTRODUCTION 

Early in I960, a review of existing single particle metal-to- 

metal impact data was initiated at the General Electric Missile and 

Space Vehicle Department.* The reasons for this review were three- 

fold. First, the available data and analysis indicated that a uni- 

form crater shape, that of a hemisphere, was approached as the impact 

velocity increased; second, the available, general,empirical relations 

for depth of penetration and crater volume were based on only a small 

portion of the existing data; and third, the existing relations for 

depth of penetration and crater volume, while based on separate 

analyses of penetration and volume data, did not yield a compatible 

set of equations. Specific reference is made to the following equa- 

tions^" 

i-^'Ctfaf* (1) 

which were,  at the time this  study was initiated, the latest and 

most generally applicable relations in the field.     If the assumption 

is made that    for sufficiently high impact velocities    only hemispher- 

ical craters will appear,  then the penetration parameter ( e/D$J   and 

* This work was supported by the United States Air Force Balliatic 

Systems Division under Contract Number AF 04-(647)-269. 
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the crater volume parameter vc/^p) ftre related, from geometrical 

considerations alone, by 

(3) 
1/,   4( D,J 

Examination of Equations 1 and 2 showe that they disagree v;ith the 

requirements of Equation 3 both in the value of the numerical con- 

stants and in the exponents to which the quantity {'?//*)      i* raised. 

Consequently, the available data were examined to determine the pro- 

jectile-target systems for which hemispherical craters had been 

observed, A ♦ 207o limitation on (%/Q   )   was selected, that is, only 

penetration and volume data in the velocity range where ( vp,] had 

reached and remained within the limits 0.4 £(J</Q \   £ 0,6 as the 

impact velocity was increased were considered.  For these selected 
2 

cases,  a method of  analysis  similar to  that used by Huth,   et al   , 

Charters and Locke   ,   and Summers    was utilized.    Specifically,   the 

penetration and crater volume data were examined to ascertain whether 

equations of the  same form as Equations  1 and  2 would result which 

would(   at  the same time,   satisfy Equation 3,     In order to incorporate 

dpta obtained as  a result  of impact  investigations in which non- 

spherical  projectiles were used,  the diameter of a sphere having the 

same mass  as the non-spherical projectile was  calculated  for these 

data and used in determining the penetration parameter I vD*)   ' 

Kineke's  investigations with cylindrical projectiles of varying fine- 

ness  ratio^ form the basis  for this  step.    Midway through this   analy- 

sis,   thf (!ata presented at the 1960 Hypervelocity Impact Symposium by 



Kinekc5, Atkins6, and Maiden7 were included in this review,,  These 

data represent a large percentage of the available high velocity 

data.** 

IMPACT AT NORMAL INCIDENCE 

The sections that follow are devoted to the presentation and 

analysis of impact data.  Detailed information describing projectile 

material, size, and shape; target material; projectile and target 

material properties; and parameters of interest with respect to the 

projectile-target system are presented in Table I» Material properties 

have, been taken from handbooks in all cases where they were not pre- 

sented in the data source» 

Crater Profile 

Data illustrating the variation of ( V 0C) '   the ratio of crater** 

depth to crater diamecer, with impact velocity are shown in Figures 

1-7 for projectile-target systems in which projectiles of various 

materials have been impacted against targets of aluminum alloy, zincr 

tin, steel, cadmium, copper, and lead. The low velocity peaks in the 

parameter (|«/f) \   ,  which occur only in certain systems p are associated 

with undeformed projectile penetration. The higher velocities required 

to produce projectile shatter also produce increasing degrees of flow 

in the target with the net result that even though penetration is 

increasing (cast.?  have btan observed where penetration initially drops 

off with the onset of projectile shatter1) a larger increase in crater 

diameter is taking place due to the dissipation of momentum in the 

target.  Examination of the lead target data indicates that both the 

** The author wishes to take this opportunity to thank Mr» John Ho Kineke, 
jr Sf BRL, Mr. Walter W. Atkins of NRL, and Dr. C. J. Maiden fonnerly 
of0(JuDE for their cooperation in making their data available for this 
study» - 5 



presence and amplitude of the low velocity peak depends upon some 

function of the relative projectile-target densities and strengths. 

The tungsten carbide-lead system exhibits the highest peak — tungsten 

carbide is both stronger and more dense than lead.  However, both steel 

and copper exhibit peaks while 2024 - T3 aluminum does not — all are 

less dense and stronger than lead. 

The data show, however, that as the Impact velocity increases, the 

crater profile parameter (VpJ approaches 0.5, the value corresponding 

to hemispherical craters» The velocity at which this level is reached 

can be quite high, particularly for cases in which either strong heavy 

or strong lißht projectiles impact against a strong target as illus- 

trated by the data for tungsten carbide and 2024 - T3 aluminum impacting 

steel (Figure 4>   It is of interest to note that the C VPc) " 0°5 

level is, in general, reached at a relatively low velocity for systems 

in which the projectile and target are of identical materials. The 

data for the aluminum projectile - HOOF aluminum target system (Figure 

1) also indicates that small differences in material densities do not 

alter this observation 

Depth of Penetration 

The penetration data for all projectile - target systems which have 

reached and maintained a value of (VDC) within thc established ♦ 20% 

tolerance are shown in Figures 8-14. These data, as presented, describe 

the variation of penetration in sphere diameters with the non-dimensional, 

velocity parameter(V>e). The data have been arranged in the order of 

increasing target density and subdivided to reflect effect» due to 
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increases in projectile density for constant target density» The 

vertical line shown on each figure separates the data for which 

(P*/Pf.) i8 within ♦ 20% of 0.5  from the higher velocity data — 

only data to the right of this line have been used in this analysis. 

These data have been analyzed„ by a modified least squares technique, 

to determine the constant Kj in the following relation: 

Normal least squares fitting procedures would result in determination 

of both the constant K-L and the exponent; however, the exponent was 

fixed in this analysis since it had been established in a number of 

separate invcntigations.1-5-6 The values of Kj thu« determined are 

presented in Table l. 

The penetration data for the 202^  T3 and T^ aluminum, steel, and 

copper systems in which the projectile and target materials were 

identical (Figures 8b, 11, and 15c respectively) and for the 2024 - T3 

and TA aluminum projectile^copper target system (Figure 13a; iLLuRtrate 

systems in which the (P%.) = 0,5 level is reached either at relatively 

low velocities and maintained throughout the velocity range or by a 

build-up from values less than 0.5.  For these systems, the 

variation with C%)2/3  is reached by a smooth transition after a 

higher power dependence.  The penetration data for the following 

systems illustrate ca£.es in which the(K/ot)   = 0„5 level is reached 

following low velocity undefonned projectile penetration in which much 

higher values of (^/DC) are attained  steel projectiles-copper targets 



(Figure Ub),, and copper projectiles-lead targets (Figure 14c). For 

these cases the variation of &/Os)    with (%)2/3  is reached after 

a similar higher power dependence followed by a region In which 

penetration decreases and then increases« No effort has been expended 

in trying to define a minimum velocity at which f%) '  dependence 

will appear for a given system.  The two types of build up to this 

dependence are of primary interest in low velocity applications» 

however, tnc rather complete picture thus afforded illustrates that, 

for many systems, the highest velocities recorded were barely sufficient 

to yield impacts that produced the characteristic high velocity crater 

shape o 

Crater Volume 

The crater volume data, presented and ordered in a manner similar 

to that used with the penetration data, are shown in Figures 15-21. 

These data have also been analyzed by the modified least square tech- 

nique to determine the constant K^ in the relation 

The exponent was fixed as shown in Equation 5 based upon the results 

of a number of independent investigations,1'5'6«7 many of which in- 

cluded portions of the total body of data included in this analysis« 

The values thus obtained for IC2 are tabulated in Table I, 

The volume data do not reflect the changing nature of the parameter 

(Pc/Dc\ as strongly as do the penetration data. The crater volume 

data at low velocities in systems that reach the Cc/De) ■ 0.5 level 
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either at relatively  low velocities and maintain it  throughout the 

velocity range  or by a build-up  from valuer lese  than 0,5  (Figures 

15,   17-19v   20a,   20c.   21a,   and  21d)  show very  slight,   if  any, devia- 

tions from the  established high velocity variation..     However,   for 

every system in which (ft/pt\   has  peaked at a value  above 0o5 at 

low velocities   and  has reached  0.5 from  above at higher velocities, 

a definite  shift  is  present  in the volume data that   is  associated 

with the transition to high velocity cratering after projectile 

shatter occurs       In every case  the  shift  is  toward  lower high velocity 

values of (   /V^) than would be  estimated based upon an extrapolation 

of  low velocity data,.     This characteristic behavior  is  illustrated by 

the following  projectile-target  systems,   steel-copper (Figure 20b), 

steel-lead  (Figure  2lb),  and copper-lead (Figure 21c)., 

Effect of Projectile and Target Density 

The penetration and crater  volume data for systems  in which zinc, 

copper,,     and  lead were used as  targets   indicate,   by increases in K^ 

and K2 which correspond to  increases  in projectile density (see Table 

1)  that penetration and crater volume  are functions of projectile 

density.     The  data also indicate,   for  systems  in which aluminum,   steel 

and copper were used as projectiles,   that penetration and crater 

volume are also   functions of  target density.     The  crater volume  (K2) 

data have been plotted versus  target density (for constant projectile 

density families)  and versus projectile density  (for constant target 

density families),  as  shown in Figures  22 and 23.     The results of 

previous  investigations^»7  indicate that K2 should be proportional to 
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(ft.)'3/2 and to (fp)   5/2
a    Accordingly,  lines representing this 

variation have been drawn through the data  for each family in 

Figures  22 and 25.    The data exhibit some  scatter; but  in general, 

they  substantiate the previous results»    The penetration data (K].) 

permit  an independent check on these observations,  since,  if these 

data  satisfy Equation 3V   then ^ should be  proportional toffTy 

and to #p)   L/2,     The penetration data are presented in Figures 24 

and  25,  along with lines which describe the above variation for each 

family„    The proposed variation adequately describes the actual 

variation,   indicating compatibility between the penetration and 

crater volume data as  required by Equation 3. 

Correlation of All Data 

The step remaining  in the establishment of general penetration 

and crater volume equations requires a detennination of the constants 

of  proportionality in the relations 

and VL       w    {^^f"t\l (7) 

Equation 3 again provides  a check between the two sets of data,  since 

it requires that  K* - *  (K3)3»    The values of K3 and K4 determined 

by averaging over  the complete body of data,  thereby giving the data 

from  each projectile-target  system equal weight,  are.   K3 •  2.01,   and 

K^ =  30,25.    The agreement between the sets of data is again satis- 

factory,   since y5~   =  1.96,    The following general equations, which 
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satisfy Equation 3,  thus result for high velocity cratering in 

semi-infinite,  ductile metal targets. 

It should be noted that  these equations  are based on the limited 

amount of data  presently available  and that the objective of this 

study was  to develop equations  suitable for engineering estimates 

of  impact  effects.     Consequently,   extrapolations to  higher impact 

velocities  are,   as yet,   largely unsupported by experimental data. 

However,  micro-particle data8 at   an impact velocity of 10 km./sec. 

for steel  projectiles  impacting both copper and  lead targets  supports 

both the dependence of  penetration on the two-thirds power of the 

impact velocity and the observation that high velocity impact craters 

(for particles  larger than  the material  grain  size)   are hemispherical. 

In order  to  illustrate  the accuracy of Equations  8 and 9 and to 

compare  them with Equations  1 and  2V   the predicted values of (//D,) 

„^ (V^ \v   evaluated  at (%)   s  ^   Siven by each expression have been 

plotted  for each projectile-target  system versus either KL or K2. 

The  results  are  shown  in Figures   26 and  270     Dashed   lines  representing 

♦  10% error  limits have been drawn on each curve.     These curves 

illustrate the  following 

1)     that Equation 8 generally predicts depth of penetration more 

accurately than does Equation 1, 
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2) that the crater volume data are not accurately predicted 

by «Ithar of the equations, with Equation 9 possibly more 

accurate than Equation 2. 

3) that the data in which aluminum alloys were used as targets 

are poorly predicted in all cases, and 

4) that for systems in which the projectile and target materials 

were identical, both the penetration (Kj.) and crater volume 

(K2) data decrease in a manner that corresponds to increasing 

material strength or hardness properties. 

The inability to predict cratering effects in the aluminum alloy tar- 

gets could be due to a number of things. First, the data cover a 

range of impact velocities which does not extend to the value of the 

rod sound velocity (c) in these materials.  Kineke5 has established 

the following conditions for a truly hypervelocity impact: 

1) the crater must be hemispherical in shape, and 

2) the component of the impact velocity normal to the target 

surface must be greater than the velocity of a plastic 

(dilatational)wave in the target. 

The dilatational wave velocity for the aluminum alloys (approximately 

6.2 km./sec.) exceeds the rod sound velocity - consequently, even 

though these data fall within the (/M^) limits established for 

this investigation the maximum impact velocity falls far short of 

the dilatational velocity. Second, the properties (shfear strength, 

hardness, etc.) of aluminum alloys vary over a wide range. While no 

strong effect at high velocities due to material strength or hardness 
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has been  indicated by the remainder of the data,  the aluminum alloy 

target data combine a relatively low maximum test velocity  (when 

compared with the dilatational wave velocity)  with relatively high 

strength  target materials,   possibly resulting  in a strong low vel- 

ocity-material  strength effect.    Additional,  higher velocity data 

for these  alloys are required to clarify this  issUe. 

The variation in K^ and K2 for the identical projectile-target 

material   systems  indicate that  penetration and crater volume are also 

dependent upon a weak function of   the target material properties. 

Several  authors  have  suggested,   based upon either experimental  re- 

sults or  theoretical  considerations,  that  impact cratering is dependent 

upon various mechanical or physical properties of the target material. 

Rinehart   and Pearson9^   and Palmer10
9  et»   al.,   have  found that target 

shear strength  is an important parameter,    Allison11,   Summers   ,   and 

Feldman12 have  shown effects due   to variations  in target Brinell 

hardness.     Within the   limitations   of the  present  study,  however,   these 

parameters  do not  appear to  have  a  strong effect.     As  in the case of 

the   aluminum  alloy data,   additional  higher velocity data  are needed 

before a  definite conclusion can  be reached, 

IMPACT AT  OBLIQUE  INCIDENCE 

The preceedinp;   section was  limited  to an  analysis of the case in 

which the  projectile approaches   the  target along  the normal  to  the 

target surface.     This  section is devoted to an examination of the 

data which apply to the related problem of impact  at  angles of  inci- 

dence other than normals 
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Grater Profite cer rron.e . p 

The limited amount of data illustrating the variation of ^c/Dc) 

with impact velocity at oblique angle of incidence are presented in 

Figure 28. The cr.tcr profiles produced when steel projectile 

impact against lead targets at both nonnal and oblique anglea of 

incidence are compared at equal values of nonnal impact velocity. 

The oblique im ,act data represent a series of tests at 60° incidence 

in which both the mas. and total velocity of the projectile were 

varied and a sarieo of tests in which angle of incidence was varied 

while projectile mass and total velocity were held constant.  It is 

apparent from these data that the characteristic high velocity crater 

shape is realized in oblique impact at rouShly the sane value of 

nomal impact velocity as is required in normal impact.  It is also 

evident that the Low velocity peak in (P</Dc) observed under nonnal 

inpact is not present for low values of nonnal velocity under oblique 

impact conditions.  In oblique impact, low nonnal velocities are 

associated either .:ith very hi^.h total velocity - high angle of 

obl^aity impact or with Low total velocity - low angle of obliquUy 

impact o 

Further evidence   that   the characteristic high velocity crater 

shape   is  reached   in  oblique  impact   at   hi,-values of nor™I   ^pact 

velocity  is presented  in Figure  29.     A conparison of  the ratio of the 

diameter  of   the. crater mouth that  is   in line with the  projectile 

trajectory (Dc rAJ)  to  the diameter  at  right  angles to  the projectile 

trajectory  CDc MIN).  both measured  in the  plane of  the undamaged  target 
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surface, indicates that the craters produced are circular at high 

values of normal impact velocity. 

Depth of Penetration 

Data illustrem- the variation of the penetration parameter, 

(fc/Ds)  * with thc imP*ct velocity parameter,^) , for oblique 

angles of incidence arc presented in Figures 30 and 31.  Here data 

obtained by impacting copper spheres with copper targets and by 

impacting steel into lead at both normal and oblique angles of 

incidence arc compared at equal values of nonnal impact velocity. 

The data indicate that under high velocity conditions, projectiles 

of equal mass impacting at either nonnal or oblique incidence pene- 

trate to the same depth provided they have the same velocity normal 

to the surface.  In the case of steel impacting into lead at oblique 

incidence, the typical transition region between undefomed projectile 

penetration and high velocity penetration is not present. This 

supports thc earlier observation that the low velocity (P</DC^ 0VCr" 

shoot does not occur in oblique impact. 

The combined crater profile and penetration data indicate that, 

under hi;'h velocity impact conditions, it is impossible to determine 

either cnusitive particle mass or velocity by examination of a crater. 

Consequently, to the extent that the surface of the Earth and Moon 

react as ductile metals under high velocity impact conditions, these 

data invalidate calculations of the mass and velocity of the meteorites 

responsible for terrestrial or lunar craters that are based only on 

observations of the craters„ 
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CONCLUSIONS 

A  thorough review has  been made  of  existing experimental data 

applicable to  tue   impact   of   individual  high velocity metal  projectiles 

with  serai-infinite metal   targets.     The  following  empirical  relations, 

relating depth of   penetration and crater  volume to properties  of the 

projectile  and   target   have  been derived  based upon  the  following 

assumptions, 

1) projectile  shape  and orientation do not  affect  crater size 

or  s'aapc,   and 

2) high velocity craters arc hemispherical in shape. 

Both of these assumptions arc supported by experimental results; 

however, the first must be qualified slightly to apply only to either 

spherical projectiles or to cylindrical projectiles up to one caliber 

in length. 

It should be noted chat the objective of this study was to deter- 

mine whether an analysis of the total body of impact data would 

result in a compatible set of equations of sufficient accuracy for 

engineering design purposes,,  The extension of the results to conditions 

not covered by the available data involves certain elements of un- 

certainty; however, some evidence is available which indicates that 

the trend, established by these data appear at velocities of 10km./sec. 
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Evidence has also been presented which indicates that, under 

high velocity conditions, particles of equal mass impacting at either 

normal or oblique incidence produce identical craters providing they 

have the same velocity normal to the surface. 
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VARIATION OF CRATER PROFILE PARAMETER WITH IMPACT VELOCITY 
FOR STEEL PROJECTILES AND CADMIUM  TARGETS 
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VARIATION OF CRATER PROFILE PARAMETER WITH IMPACT VELOCITY 
FOR VARIOUS PROJECTILE MATERIALS AND COPPER TARGETS 
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VARIATION OF PENETRATION PARAMETER  WITH IMPACT VELOCITY 
PARAMETER FOR ALUMINUM   PROJECTILES AND ALUMINUM ALLOY TARGET! 
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VARIATION OF PENETRATION PARAMETER WITH IMPACT VELOCITY 
PARAMETER FOR ALUMINUM ALLOY PROJECTILES AND TARGETS 
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VARIATION OF PENETRATION PARAMETER WITH IMPACT VELOCITY 
PARAMETER FOR ZINC PROJECTILES AND TARGETS 

FIGURE-9a 
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VARIATION OF PENETRATION PARAMETER WITH IMPACT VELOCITY 
PARAMETER FOR STEEL PROJECTILES AND ZINC   TARGETS 
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VARIATION OF PENETRATION PARAMETER WITH IMPACT VELOCITY 
PARAMETER  FOR TIN PROJECTILES   AND TARGETS 
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VARIATION OF PENETRATION PARAMETER WITH IMPACT VELOCITY 
PARAMETER  FOR STEEL PROJECTILES AND TARGETS 
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VARIATION OF PENETRATION PARAMETER WITH IMPACT VELOCITY 
PARAMETER FOR STEEL PROJECTILES AND CADMIUM TARGETS 
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VARIATION OF PENETRATION PARAMETER WITH IMPACT VELOCITY 
PARAMETER FOR ALUMINUM ALLOY PROJECTILES AND COPPER  TARGETS 
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VARIATION OF PENETRATION PARAMETER WITH IMPACT VELOCITY 
PARAMETER FOR STEEL PROJECTILES AND COPPER   TARGETS 
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VARIATION OF PENETRATION PARAMETER WITH'MPACT VELOCITY 
PARAMETER FOR COPPER PROJECTILES AND TARGETS 
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VARIATION OF PENETRATION PARAMETER WITH IMPACT VELOCITY 
PARAMETER FOR ALUMINUM ALLOY PROJECTILES AND LEAD TARGETS 
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VARIATION OF PENETRATION PARAMETER WITH IMPACT VELOCITY 
PARAMETER FOR STEEL PROJECTILES AND LEAD   TARGETS 
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VARIATION OF PENETRATION RÄRAMETER WITH IMPACT VELOCITY 
PARAMETER FOR COPPER PROJECTILES  AND LEAD TARGETS 
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VARIATION OF PENETRATION PARAMETER WITH IMPACT VELOCITY 
PARAMETER FOR LEAD PROJECTILES AND TARGETS 
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ATION OF CRATER VOLUME PARAMETER WITH IMPACT VELOCITY PARAMETER 
FOR ALUMINUM PROJECTILES AND ALUMINUM ALLOY TARGETS 
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VARIATION OF CRATER  VOLUME  PARAMETER  WITH   IMPACT  VELOCITY 
PARAMETER FOR ALUMINUM ALLOY  PROJECTILES  AND TARGETS 

FIGURE - 15b 
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VARIATION  OF CRATER   VOLUME   PARAMETER  WITH   IMPACT   VELOCITY 
PARAMETER  FOR ZINC PROJECTILES AND TARGETS 

FIGURE - 16a 
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VARIATION OF CRATER   VOLUME  PARAMETER  WITH  IMPACT   VELOCIT 
PARAMETER FOR STEEL PROJECTILES AND ZINC TARGETS 

FIGURE-I6b 
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VARIATION  OF CRATER   VOLUME  PARAMETER   WITH   IMPACT   VELOCITY 
PARAMETER   FOR   TIN   PROJECTILES AND TARGETS 

FIGURE - 17 
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VARIATION OF CRATER VOLUME PARAMETER WITH IMPACT VELOCITY 
PARAMETER FOR STEEL PROJECTILES AND TARGETS 
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VARIATION  OF CRATER   VOLUME  PARAMETER  WITH   IMPACT   VELOCITY 
PARAMETER FOR STEEL PROJECTILES AND CADMIUM  TARGETS 
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VARIATION  OF CRATER   VOLUME  PARAMETER    WITH    IMPACT    VELOCITY 
PARAMETER   FOR  ALUMINUM   ALLOY  PROJECTILES AND COPPER TARGETS 
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VARIATION OF CRATER VOLUME  PARAMETER WITH IMPACT VELOCITY 
PARAMETER FOR STEEL PROJECTILES AND COPPER TARGETS 

FIGURE-20b 

(vc/vp)   , 

O.OI 3     4    56789 10 

(Vc) 

-f9- 



ARIATION OF CRATER VOLUME PARAMETER WITH IMPACT VELOCITY 
PARAMETER FOR COPPER PROJECTILES AN) TARGETS 

10 8 
8 
7 
6 
5 
4 

3 

2    - 

10 
9 
e 
7 
6 

•C/Vp) 

0.1 
0.01 

FIGURE-20c 
  "~ —   

/ L 
PROJECTILE  SHAPE 

UNFLA6GED SYMBOLS-SPHERES 
FLAGGED SYMBOLS-(L/D)» ICYL. 

^ 
-SLOPE «2 

t 
i 

y 

/ 

/ 

/ 
»J 

—< g f 

1 1 
G 

11 B 

0 

O 
DQ 

 , - -                                                   LJ 
-n         M«Itm«La.KmjJtUMLt      evuorti       acccocKirr  G 

AND TARGET                ».mi»w.»    ^urw^.^wt 

COPPER                         Q                  \7           t 
"0 

COPPER                         0                   13           . 

3     4    5 6 789 10 Z        3     4   5 6 78910 

(V/C) 

3     4    5 6 7 8910 

■SO- 



(Vc/Vp) 

VARIATION OF CRATER VOLUME PARAMfcTER WITH IMPACT VELOCITY 
PARAMETER FOR ALUMINUM ALLOY PROJECTILES AND LEAD TARGETS 
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VARIATION OF CRATER VOLUME PARAMETER WITH IMPACT VELOCITY 
PARAMETER FOR STEEL PROJECTILES AND LEAD TARGETS 

FIGURE-21b 
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VARIATION OF CRATER VOLUME PARAMETER WITH IMPACT VELOCITY 
PARAMETER  FOR COPPER PROJECTILES AND LEAD TARGETS 
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VARIATION OF CRATER VOLUME PARAMETER WITH IMPACT VELOCITY 
PARAMETER  FOR LEAD PROJECTILES AND TARGETS 
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EFFECT OF  TARGET DENSITY ON   CRATER  VOLUME 

FIGURE-22 

I    1 — _ 
_ 
_ 

\ 

\ 
\ 

v 
\ 

> 

\ 

V ( K r r 
A 

N 
— A 4 r 

i    i   ' 

—SLOPE- -% 

□ 
\ 

ds 

\v 
r^ 

\ \ i / 

V / __ 
N / _ 
\ /   
\ 

kr- E' / SYMBOL PROJECTILE TARGET 

0            STEEL          ZINC 
Ö                 "             STEEL 
(j-                 »           CADMIUM 
&                 »            COPPER 
d                 "              LEAD 
□          ALUMINUM  ALUMINUM 
d                 »            COPPER 
Of                 «              LEAD 

A           COPPER      COPPER 

A                 "              LEAD 

_ 
\ >a - 

7 
m 

\ 

\ 

\ 

\ 

\ 

. 

1.5      2    25 3 6   7 8 910 15 

/'T-GM./CM.3 

2    25 3       4     5    6  7 8 9100 



EFFECT OF  PROJECTILE  DENSITY ON  CRATER  VOLUME 

FIGURE-23 

100 
9 
8 
7 
6 

9 

4 

3 

2.9 

2 

1.9 

k2 10 
9 
6 
7 
6 

3 

2.9 

1.9 

T  1 ~— 
■^ 

^^^ 

/ L A \ 

// i 
.f 

; J y ^^  SLOPE« 

1 
3/2 

  J / 

i r c / 

I 7 

^ 

/ 

/ 

r 
/ 

'C 

y t —f / SYMBOL   PROJECTILE     TARGET 

T ■/ O        ALUMINUM         LEAD 
Ö          STEEL                n 
Ö         COPPER               n 
Of          LEAD                 ii 
□        ALUMINUM       COPPER 
ET         STEEL                II 
Cf        COPPER               n 
A           ZINC               ZINC 
A          STEEL                II 

Fli 
r— 7- 

T / 

/ / 
-r— 7 
/ o 
T- 

1.9     2   29  3       4     9   6   7 8 910 

/>p-6M./CM 
1.5 
3 

2   2 5  3       4     9    6   7 8 9100 

'»- 



EFFECT OF TARGET  DENSITY ON  PENETRATION 

FIGURE-24 
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COMPARISON OF PREDICTED  PENETRATION WITH 
TEST  DATA 
FIGURE-26a 
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COMPARISON OF PREDICTED PENETRATION  WITH 
TEST   DATA 

FIGURE - 26b 
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COMPARISON  OF PREDICTED CRATER  VOLUME WITH 
TEST   DATA 
FI6URE-27a 
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COMPARISON OF PREDICTED CRATER VOLUME 
WITH TEST DATA 

FIGURE - 27b 
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VARIATION OF CRATER PROFILE PARAMETER WITH IMPACT VELOCITY 
FOR NORMAL AND OBLIQUE INCIDENCE 

STEEL PROJECTILES AND LEAD TARGETS 

FIGURE-28 
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VARIATION OF CRATER SHAPE PARAMETER WITH IMPACT VELOCITY 
FOR OBLIQUE INCIDENCE 

STEEL PROJECTILES AND LEAD TARGETS 
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VARIATION OF PENETRATION PARAMETER WITH IMPACT 
VELOCITY   WVRAMETER FOR NORMAL AND OBLIQUE 

INCIDENCE-COPPER PROJECTILES AND TARGETS 

FIGURE-30 
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VARIATION OF PENETRATION PARAMETER WITH IMPACT 
VELOCITY   PARAMETER FOR NORMAL AND OBLIQUE 

INCIDENCE-STEEL PROJECTILES AND LEAD TARGETS 

FIGURE 31 
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TABLE I     SUMMARY OF PROJECTILE, TARGET, AND PROJECTILE-TARGET SYSTEM PROPERTIES 

1                                                                    PROJECTILE TAROET SYSTEM 

SIZE li SHAPE MATERIAL 
gm. /i m. 

MATERIAL 'T 

gm /cm. 

c 
km. /sec. V'r Kl K2 REFERENCE 

SYMBOL 
ON 

FIGURES 
26 4 27 

3/8-in. dla. sphere Aluniinum 2  81 1100 F Aliunlmun 2 71 5 041 1 037 2 55 57 94 6 o 
0 2 «. 0 4-ln   dla. sphere, C 0620 t 0 22- 
In.  «Ho.  sphere (i 0.22 t 0S5-In   dla 
(L/D) - 1 cylinder» 

2024-T4 Aluminum, 
2024-T3 Aluminum 2.77 Same as prujectlle 2 77 5  105 I 1 71 18  12 7,13 Ö 

3/16-ln   dla   sphere Zinc 7  13 Same as projectile 7  13 3 670 1 1 91 25 02 17 D 
0 375, 0.500, 0 625, t 1 000-In   dla 
{UD) - 0. 267, 0 08»0. 14, 0. 72, 4 
0.064 i 0 10 cylinders 

Steel 7  83 Zinc 7   13 3 670 1 098 1  96 27.45 5 cr 
3/16-ln   dla. sphere Tin 7 30 Same a« projectile 7 30 ? 643 1 2.17 32.62 14 0 

0. 2-ln. dla   sphere, 0.0620, 0 50, 4 0 22 
In. dla   spheres li 0. 22-In   dla   (L/D)- 1 
cylinder. 

A1S1 1030 steel, 
cold rolled steel 
having a carbon 
range from 0. 12 to 
0. 30 and a mSitgar,- 
ese range from 
0 30 to 0 60 

7  83 Same a« projectile 7.83 5   126 1 1 94 30 41 7,13 A 

t/B 4 3/16-ln. dla   spheres Iron 7.87 Same as projectile 7.87 5   196 1 - 26 22 17 -- 
0.375, 0.500. 0 625, t 1 000 In. dla 
(L/D)- 0. 267, 0 08 t 0 14, 0 72, t 
0 064 I 0  10 cylinders 

Steel 7. 83 Cadmium 8 65 2.307 0 905 1 74 18 44 5 c^ 
0 125 tO 4-ln   dla.  spheres, 0 0620 4 
U 22 in   dla   spheres li 0 22 li 0 50-ln. 
dla   (L/D) - 1 cylinders 

2024-T4 Aluminum, 
2024-T3 Aluminum 2.77 Copper 8 96 3 557 0 309 1  12 6. 22 7,13 D 

0 375, 0 500, 0 625, i 1 000-In   dla 
{L/D) - 0  267, 0 08 4 0 14, 0 72, & 0. 064 
1 0 10 cylinders, 0 0620 t 0 22-ln   dia 
spheres t 0 22 4 0 50 In   dla    (L/D) - 1 
cylinders 

Steel, cold rolled 
steel having a car- 
bon range from 
0 12 to 0 30 and a 
manganese range 
from 0 30 to 0 60 

7  83 Copper 8 96 3 557 II 874 1  82 24 88 5.13 Ü 

1/8 li 3/16-ln.  dla   spheres, spheres, 
0 22 4 ll 50-in   dia   spheres li 0 22 t 
0 50-ln. d;a   (L/D) - 1 cylinders 

Copper 8 96 Same ftt, projectile 8 96 3 557 1 2 03 31  59 17. 1.13 tf 

0 I2ilr i-m   dia   spheres, 0 0620 4 
0  22-ln    dia    spheres 4 0 22-in   dia 
(L/D) • 1 cylinder; l/4-in   dla   spheres 

2024-T4 Aluminum, 
2024-T3 Aluminum, 
Aluminum 

2 77 Lead 11  34 I   227 0 244 0 89 2 72 7,13.6 o 
0 375,  0 500. 0 625, 4 1 000-in   dia 
( L/D) - 0  267. 0 08 4 0 14. 0. 72,  4 
0, 064 4 0. 10 cyllndf rs, 0. 0620 & 0. 22- 
ln    dia    spheres 4 0 22-ln   dia    (L/D) 
- 1 cylinder 

Steel, cold rolled 
steel having a car- 
bon range from 
0  12 UiO 30 and a 
manganese range 
fr  m 0 30 to 0 60 

7  83 Lead II  34 I   227 0 090 1  CI 14 60 5.13 d 

0 22 4 0 50-in   dia    spheres 4 0 2?-in 
dia    (L'n) - 1 cylinders 

Copper 8 96 Lead II  34 I   227 0 790 I  96 22 97 13 ö 
Spheres   0 22-ln   dla    spheres 4 0 22- 
in   dia    (L'D) - 1 cylinders   3/16-ln    dia 
spheres 

Lead II   34 Same as projectile II  34 I   277 I 2  29 38 31 1,13, 14 a 
•il- 


